van den Wijngaard JP, Schulten H, van Horssen P, ter Wee RD, Siebes M, Post MJ, Spaan JA. Porcine coronary collateral formation in the absence of a pressure gradient remote of the ischemic border zone. Am J Physiol Heart Circ Physiol 300: H1930 -H1937, 2011. First published March 11, 2011 doi:10.1152/ajpheart.00403.2010.-In the current paradigm on coronary collateral development, it is assumed that these vessels develop consequentially from increased fluid shear stress (FSS) through preexisting collateral arteries. The increased FSS follows from an increase in pressure gradient between the region at risk and well-perfused surroundings. The objective of this study was to test the hypothesis that, in the heart, collateral connections can form in the absence of an increased FFS and consequentially at any depth and region within the ventricular wall. In Yorkshire pigs, gradual left circumflex coronary artery occlusion was obtained over 6 wk by an ameroid constrictor, whereas the control group underwent a sham operation. Hearts were harvested and subsequently processed in an imaging cryomicrotome, resulting in 40-m voxel resolution threedimensional reconstructions of the intramural vascular vessels. Dedicated software segmented the intramural vessels and all continuous vascular pathways containing a collateral connection. In the ameroid group, 192 collaterals, 22-1,049 m in diameter, were detected with 62% within the subendocardium. Sixty percent of collaterals bridged from the left anterior descending artery to left circumflex coronary artery. A novel result is that 25% (n ϭ 48) of smaller-radius collaterals (P ϭ 0.047) connected with both origin and terminus in the nontarget area where perfusion was assumed uncompromised. In the porcine heart, collateral vessels develop not only in ischemic border zones with increased FSS but also away from such border zones where increased FSS is unlikely. The majority of collaterals were located at the subendocardium, corresponding to the region with highest prevalence for ischemia. imaging cryomicrotome; collaterals; ischemia; remodeling; fluid shear stress STIMULATING CORONARY COLLATERAL formation by neovascularization may serve as a last therapeutic resort for patients that cannot be successfully revascularized by coronary artery bypass surgery or percutaneous coronary intervention. However, further development of this therapeutic modality requires more detailed information on the mechanisms of collateral formation.
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There are differences of opinion whether in the porcine heart collaterals grow de novo, i.e., through angiogenesis stimulated by ischemia, or from innate nonfunctional collaterals that are already present, i.e., arteriogenesis stimulated by shear stress (23, 29) . In the hindlimb occlusion model, collaterals growing in the nonischemic area proximal to the experimentally induced flow obstruction clearly indicates the role of increased fluid shear stress (FSS) in outward remodeling (7, 9, 23) . In the heart, however, regions of ischemia are intertwined with areas of increased FSS; therefore, the roles of these two different stimuli for collateral growth cannot easily be discerned.
Previously, strict division of capillary beds, depending on different feeding coronary arteries, has been reported in the canine and human heart (4, 15) . Given the large collateral flow that has been measured upon direct occlusion of an epicardial artery in canine hearts, the presence of well-developed collateral vessels with diameter larger than that of capillaries has therefore been suggested in those species (13) . However, with the same method (radioactive labeled microspheres), collateral flow could not be detected in the pig (13) . For the pig, these results indicate the virtual absence of directly recruitable collateral vessels. Gradual occlusion in pigs, however, suggested significant collateral growth over time (29) . These observations lead us to hypothesize that, in a porcine model of left circumflex coronary artery (LCX) occlusion, novel collaterals do not result from observable and functional preexisting vessels. Additionally, we hypothesize that collaterals may form and further develop in the absence of a pressure gradient. Both hypotheses reduce the assumed role of FSS in collateral formation within the heart.
The experimental approach was the three-dimensional (3D) reconstruction of coronary vascular beds in a porcine model with slowly developing LCX occlusion via an ameroid constrictor. These reconstructions were made from a stack of images obtained by a novel imaging cryomicrotome (27, 30) , and collaterals were identified by a dedicated suite of imageprocessing software. An important novel finding is the identification of small collaterals within perfusion territories that likely developed in the absence of increased FSS.
MATERIALS AND METHODS
Animal experiments. Male domestic Yorkshire pigs (Praktijkonderzoek veehouderij, Lelystad, The Netherlands), weighing 29.1 Ϯ 3.9 kg, were premedicated with intramuscular Stresnyl (Azaperone, 4 mg/kg), followed by intubation and isoflurane inhalation anesthesia (2 liters O 2-4 liters N2O-2% isoflurane). All animal experiments were conducted at the Department of Physiology, University of Maastricht, and were reviewed and approved by the Animal Welfare Committee of the University of Maastricht. Animals were handled in accordance with the American Physiological Society guidelines for animal welfare as well as the Guide for the Care and Use of Laboratory Animals published by the United States National Institutes of Health.
In seven pigs, the heart was exposed through a left thoratocomy, and an ameroid constrictor (Escondido, CA) was placed around the proximal LCX in a close but nonconstricting manner. After constrictor placement, the chest was closed, and the animals were allowed to recover. Later (3 wk), X-ray coronary angiography established first the correct constrictor placement of the instrumented LCX and second the retrograde filling of the LCX upon contrast injection as a consequence of full occlusion. Subsequently, the animals were kept for an additional three weeks, allowing for further gradual development of myocardial ischemia and stimulated coronary collateral growth. In four pigs, a sham operation was performed in which the heart was exposed and the LCX dissected, but no constrictor was placed. Postoperatively, all animals received antibiotics and analgesics for 48 h.
After surgery (6 wk), the animals were anesthetized as before and heparinized (100 U/kg heparin; Leo, Breda, The Netherlands). The thorax was opened, and the heart was excised. No congenital anomalies were noted during visual inspection. Following excision, hearts subsequently were weighed (range 250 -400 grams) and prepared for cryomicrotome analysis (27, 30) . In brief, the main coronary arteries were flushed with adenosine (100 g/l)-loaded PBS, and the cannulas were affixed to the ventricle wall with a suture. Subsequently, the perfusate was replaced by fluorescent-labeled Batson no. 17 solution (Polysciences Europe, Eppelheim, Germany), which was infused at the average arterial pressure, i.e., 90 mmHg, and allowed to harden overnight. After hardening, placement of the ameroid constrictor was validated before constrictor removal. In all cases, ameroid constrictor placement was correct. Subsequently, the heart was embedded in a cylindrical container filled with a 5% carboxymethylcellulose solution (Alfa Aesar, Karlsruhe, Germany) containing 5% Indian Ink (Royal Talens, Apeldoorn, The Netherlands) and was frozen at Ϫ20°C for at least 24 h. Subsequently, the specimen was cut in 40-m slices where, from the remaining bulk cutting plane, high-resolution outline and fluorescence images showing only the arterial vasculature were taken. Further details on heart preparation, cryomicrotome analysis, and mathematical image restoration can be found in the supplemental data (Supplemental data for this article may be found on the American Journal of Physiology: Heart and Circulatory Physiology website.).
Image processing and analysis. Following the application of a correlation-finding algorithm, the resultant image stack after cutting was checked for inconsistencies in continuity in the longitudinal direction. Images with low correlation, e.g., due to cutting artifacts that lodge on the sample surface, occurring in less than one percent of the total stack, were replaced by maximum-intensity projections of the preceding and following images. In addition, dark current, i.e., bright pixels resulting from long integration times from the charge-coupled device chip, were removed from the images by a local two-dimensional (2D) median filtering.
Medial vascular centerline extraction, yielding a topological representation of the vascular tree, was performed with the use of an algorithm for extracting medial skeletons in 3D coordinate space as originally proposed by Palagyi and Kuba (16) . By applying a highthreshold, i.e., 100-pixel intensity out of 255, 8-bit scale, the unjust selection of pixels as a consequence of halo generated by large vessels was prevented.
Detection of collaterals was by selection of planes perpendicular to the myocardial long axis. The skeletal centerpoints of large epicardial feeding arteries were selected as seeding points and attributed a unique identifier that subsequently was iteratively inherited by all neighbor centerpoints. The existence of a collateral path manifests itself by connection of two different identifiers in a closed loop. Subsequently, reconstructed collateral paths were displayed with Amira (Amira Software; Visage Imaging, Düsseldorf, Germany) in overlay projection with raw data where opacity of the raw data was adjusted to facilitate comparison. After reconstruction, the selected paths were scored by two observers independently (van den Wijngaard and van Horssen); in case of different assessments, differences between observers were evaluated in a consensus meeting. Additional support for collateral formation was shown by the frequent mixing between different fluorescent dyes when injected selectively in different major epicardial arteries.
Analysis of collateral paths. Reconstructed and verified collateral paths were classified with respect to the depth in the myocardial tissue and perfusion area. Myocardial depth was defined by subendocardium, midmyocardium, and subepicardium (inner, middle, and outer 1 ⁄3 of the myocardium, respectively).
Collaterals were defined as either "bridge collaterals" (B) or "nonbridge collaterals" (NB) denoting the bridging from an unaffected perfusion territory toward the affected area. In addition, collaterals were denoted as "crossing" (C) or "noncrossing" (NC) collaterals when crossing between different perfusion territories of different vascular beds or, in contrast, when the collateral connects within the same vascular bed. A schematic illustration of the four possible different types of collaterals is given in Fig. 1 . The number of collaterals was compared between groups with the use of the nonparametric testing (Mann-Whitney U or Kruskal-Wallis, SPSS version 15.0). Collateral diameters were automatically measured, and the location of the thinnest part of the vessel, representing a collateral segment length of at least 250 m, was determined.
RESULTS
No animals were lost as a consequence of the surgical procedure or of stent placement. One of the seven hearts with ameroid constrictor was excluded from further analyses as a consequence of extensive infarction in the LCX perfusion territory. In the first heart, a technical failure prevented the lower 1.5 cm of apex to be analyzed. Of the four sham hearts, only two could be analyzed. In one heart, this was due to improper filling resulting from poor cannulation and in the second one due to imaging with nonoptimal illumination settings. Figure 2 depicts an overview of the vasculature as obtained by the imaging cryomicrotome technique from one of the sham hearts. The smallest vessels filled with replica material are not visible here because of their low gray value. In case all vessels would be depicted, the intramural vascular tree would be hardly visible. The image demonstrates the vast amount of vessels that is evaluated for the presence of collateral connections. Collateral pathways as found by applying our algorithm to a heart with ameroid constrictor are shown in Fig. 3 . The image is a maximum-intensity projection (MIP) of a 2-cm-thick slab of tissue parallel to the base at 1 ⁄3 of the long axis of the heart. In this image, the several types of collaterals as defined in Fig.  1 are recognizable and defined in the legend. Note that the highest density of collaterals is between the left anterior descending (LAD) artery-LCX and right coronary artery (RCA)-LCX border.
In the ameroid-treated hearts (n ϭ 6), a total of 192 collaterals were found; the number of collaterals per heart ranged from 16 to 64 (Table 1 ). Distribution analysis of collaterals indicated subendocardial collaterals to be significantly more frequent compared with both subepi-or midmyocardial collaterals (P ϭ 0.004).
Sixty percent (n ϭ 116) of the collaterals were designated as B-C connecting the LCX to LAD or RCA territory. Of this group, 59% was located within the subendocardium. One large collateral, type B-NC, was found bridging the stenosis directly at the LCX. Four collaterals were of type NB-C and connected the LAD to the RCA.
Thirty seven percent (n ϭ 71) of all collaterals were designated as NB-NC, of which 75% was located within the subendocardium. Of all NB-NC collaterals, 25 (35%) were within the perfusion area of the LCX, 31 (44%) were within the perfusion area of the LAD, and 15 (21%) were within the perfusion area of the RCA. However, a substantial part of these midperfusion area collaterals was found close to bridge collaterals and hence were in the proximity of the borders between perfusion areas. Of all NB-NC collaterals in the LAD area (31 in total), 14 collaterals were located within the LAD perfusion area, away from the LAD to LCX perfusion border. Several collateral connections can be observed in the Supplemental Movie.
In one of the sham hearts, three collaterals, all designated as NB-NC, were found of which two were located subendocardial in the territory of the LAD (see Fig. 4 ) and one epicardial in the territory of the LCX. In the second sham heart, no collaterals were found; these results are included in Table 1 .
In case more preexisting collaterals would have been present in these hearts, these were smaller than 20 m, i.e., the lower limit of the in-plane resolution. Two of the NB-NC collaterals between the LAD and LCX or between the RCA and LCX are shown in Fig. 4 . Collateral connections appear rather similar among hearts and run most frequently between small side branches of larger transmural extending arteries.
The automatic detection of collateral connections by our algorithm was supported further through the use of replica materials containing different fluorescent dye for the vascular beds. It was observed that the perfusion territories were sharply demarcated, and collateral connections could be identified by partial mixing of the fluorescent dye as is shown in Fig. 5 . Similar to the collaterals found in the sham heart as shown in Fig. 4 , the collateral connections are between small arterial segments of transmural supply arteries.
Collateral path diameters. The median size of all collateral connections at the point of smallest diameter in the collateral path was 111 m (range 23-1,049 m) (also see Table 1 ). The diameter of bridge collaterals appeared larger than nonbridge collaterals, i.e., median 137 vs. 76 m (Mann-Whitney U, P ϭ 0.047).
The subendocardial collaterals tended to be biggest with a median diameter of 124 m, the subepicardial smallest with 66 Fig. 3 . Maximum-intensity projection (MIP) of a three-dimensional reconstruction of a 2-cm-thick slab from a typical heart from the ameroid constrictor group. Blue, "B-C" (bridging and crossing) collateral paths between the LAD and the LCX. Purple, B-C collateral paths between the right coronary artery (RCA) and the LCX. Green, NB-C (nonbridging and crossing) between the LAD and the RCA transverses through the septum. Red, NB-NC (nonbridging and noncrossing) collaterals within the LAD region. The "a" denotes subendocardial collateral connections, and "b" denotes midmyocardial collateral connections. Fig. 2 . Maximum-intensity projection (MIP) of a sham-operated heart in which three coronary collateral arteries were identified; 2 are visualized in Fig. 4 . The opaque gray circle at the center of the heart indicates the site where 2 subendocardial collaterals were identified, as shown in Fig. 4. m, and the midmyocardial collaterals with an intermediate median diameter of 99 m; however, these differences did not reach statistical significance.
DISCUSSION
In this study, we visualized and analyzed the porcine coronary arterial tree after gradual occlusion of the LCX and determined the location, the path, and the size of collaterals that developed. The current paradigm is that preexisting collaterals remodel outward under the influence of shear stress, which results in functional shunts (10) . The increased shear stress is thought to result from the developing pressure gradient between collateral-dependent and -independent regions. Our results indicate that this paradigm, however, needs modification, since 39% of collateral vessels were of the NB-NC type. The role of FSS is consistent with the finding that bridging collaterals, having a pressure gradient across them, have a larger diameter than nonbridging ones. However, the assumed preexisting collaterals should be smaller than the optical resolution of our method since significant numbers of preexisting collaterals were not detected in the sham hearts. It is therefore possible that collateral connections result from a primary angiogenic response with possible subsequent outward remodeling by FSS, especially in the bridging collaterals.
Studies on preexisting collaterals. Literature on preexisting collaterals appears conflicting, likely for a large part, due to the methods used and the species studied. Moreover, a recent study showed highly variable patterns of collateral vessels in the brain between different mouse strains (33). Factor et al. (4) injected human epicardial arteries with differently colored replica material that also filled the capillaries. In slices of those hearts, they focused on the border zones between the respective perfusion areas. Rather explicitly, they concluded that no mixing of colors occurred at the microvascular level while it was demonstrated that such mixing did occur in vascular beds known to have numerous microvascular anastomosis. The hearts were obtained at autopsy and representative of patients coming to postmortem examination in their general hospital. In contrast, Baroldi et al. (1) report on a similar group of hearts obtained from autopsy and found numerous collaterals at the arteriolar level. Their technique consisted of filling of the coronaries by latex and subsequent tissue corrosion. By pulling the coronary tree apart, collateral connections became visible. In this study, collaterals ranging from 20 to 350 m were reported within and between perfusion territories. It should be noted, however, that a significant number of false-positives may be present, since, with latex casts, frequently small arteries become adhered together. In any case, it is difficult to reconcile these different conclusions from anatomical studies on the human heart.
There are also contradicting observations on the pig heart. Maxwell et al. (13) assessed collateral function by acute LAD side branch ligation and radioactive labeled microsphere injection. It was concluded that functional collateral flow was practically absent in the pig heart but detectable in other species, such as the dog, cat, or rat. In that study, 15-m LCX, left circumflex artery; LAD, left anterior coronary descending artery; RCA, right coronary artery; EP, subepicardium; MM, midmyocardium; SE, subendocardium. Fig. 4 . A and B: details of the inner half of the free wall of the sham-operated heart in which collaterals were found. In each panel, the arrows indicate a subendocardial coronary collateral connection between 2 transmural extending supply arteries fed by the LAD. For clarity purposes, the image has been edited such that the vessels on top and bottom are removed to a large extent. The opaque gray circle in Fig. 2 denotes the location where the 2 collaterals were identified. microspheres were injected, and hence collateral connections significantly smaller may have been missed. However, it has been demonstrated that collateral flow measured by microspheres is rather similar to that measured by a radioactive diffusible tracer in a similar experimental preparation (3). Similarly, Patterson and Kirk (17) found very low values of collateral flow in the pig and no difference in measurements by using either 9-or 50-m micospheres, suggesting low numbers of collateral connections rather than collateral connections of small diameter.
In contrast to the study of Maxwell et al. (13) and Patterson and Kirk (17), White et al. (34) identified collaterals anatomically in a similar porcine ameroid constrictor model as ours, albeit of a different strain of pigs. In that model, coronary arteries were injected with different-colored gelatin or Microfil. The hearts were dehydrated in alcohol and cleared with oil of wintergreen. Tissue was cut at 5-mm-thick slices from base to apex. Collaterals were detected at the confluence of two different colors of injectate. Per definition, this method only identifies crossing collaterals, since the collateral connections from other types will contain the same color. In a group of three sham hearts, a total of 115 collaterals were found from either RCA or LAD to the LCX, all with a diameter smaller than 60 m. This contrasts our measurement of the rare occurrence of collateral connections in our two sham hearts, and, additionally, it contrasts the study of Maxwell et al. where close to zero collateral flow was measured. Moreover, the number of crossing collaterals in the sham hearts of the study of White et al. exceeds the number of crossing collaterals found in our ameroid constrictor group. It should further be noted that White et al. did not count the very small vessels with combined colors, but the authors state that these were numerous. Fig. 5 . MIP of an ameroid constrictor heart, identical to the heart shown in Fig. 3 . Green fluorescent replica material was infused in the LAD, and red was infused in the LCX and RCA. Visual inspection reveals at least 2 coronary collaterals between the LAD and LCX as indicated by the 2 arrows on the right. The arrow on the left indicates a subendocardial collateral connection between LCA and LCX. The inset on the left is an enlarged detail of the inner half of the myocardium corresponding to the border between LAD an RCA (see square in the main image), showing mixing of colors along arterioles. Note that the perfusion areas are well defined, yet borders may be frayed between the LAD and LCX or RCA perfusion territories. Some green vessel segments within the red LCX area indicate that a small amount of green contrast may have entered through collateral connections that then has been pushed to smaller vessels upon the arrival of the red dye.
One of the problems associated with injection of epicardial artery specific-colored contrast medium is that the filling of the microvascular bed is not region specific. In the ideal case, the differently colored perfusion media each halt at the separation border between perfusion areas, and color mixing only occurs in true collateral connections. This, however, is obviously not so in many preparations. As soon as the colored medium flows through a collateral connection, it also will flow trough part of the microvasculature of the perfusion area at the other side. Hence, mixed colors may appear in many more vessels that are connected to a collateral connection but should not necessarily be identified as such. Such an effect was previously reported by Factor et al. and is also shown in Fig. 5 , where the color of the cast material in the LAD was different from that in the LCX and RCA. Red fluorescent material is visible in side branches of green and vice versa. In our case, the replica material did not enter the capillary ends; hence, mixing of colors in the border zone, apart from a clearly frayed appearance, is limited. In the study of White et al., the replica material was of lower viscosity and consequently will have resulted in many more vessels with mixed colors not being collateral connections. Moreover, because in that study the tissue was sliced at 5 mm, vessels with mixed colors may have been counted more than once when traversing more than one slice. In contrast, in using our algorithm, a collateral pathway was detected only when the pathway could be traced fully from one large epicardial vessel to another. Hence, in our study setup, collaterals are identified as 3D closed loops in an unbiased fashion, where the smallest part of that pathway was identified as a collateral connection.
Previous studies that used tissue transparency, inducing techniques (2, 34) or angiography with a radioopaque medium (6), suffer from the fact that it is inherently complicated to distinguish between a collateral vessel and the overlay of nonconnected normal vessels. In any case, functional studies (13, 25) suggest an absence of functionally relevant collaterals in the pig. It should be noted, however, that we cannot exclude the possibility that very small preexisting collaterals exist in the porcine heart that were undetectable by our technique.
Mechanisms for formation and growth of collateral connections. Ischemia and inflammation are well-known and powerful angiogenesis-inducing mechanisms that are mediated by a host of growth factors that also stimulate outward remodeling and maturation of collaterals (10, 24) . Anatomical observation suggests that the regions where collaterals grow are closely intertwined with regions of tissue ischemia. In contrast to collaterals in the hindlimb, therefore, where collaterals grow and develop proximal to the ischemic zone, collaterals in the heart may form in an ischemic environment. We observed 62% of all collaterals in the subendocardial region for which blood and oxygen supply is known to be most vulnerable to epicardial stenosis (31). Additionally, the subendocardium is known for early loss of flow reserve because of extravascular compression.
Traditionally, growth of collaterals has been explained on the basis of FSS-induced outward remodeling as a result of a drop in pressure distal from the stenosis and a subsequent increase of flow through the collateral track (11, 20) . Based on our observations, the concept of outward remodeling of preexisting collaterals by FSS seems hardly applicable to nonbridging collaterals. In addition, in case such a collateral would run parallel to a normal vessel, as shown in Fig. 1 , the existing vessel would be the prevalent path for flow. On theoretical grounds, one may assume that the dominant pathway would increase its diameter, and the supporting parallel pathway disappears (8) . The difference in diameters, however, between bridge collaterals and nonbridge collaterals is consistent with outward remodeling when the flow path has been established in contrast to nonbridge collaterals where a pressure gradient across the vessel is hardly present. Hence, apart from increased FSS, there must be other conditions that favor creation and maintenance of these parallel collaterals.
A possible alternative explanation for the de novo collateral growth therefore may be that the LCX stenosis results in diminished ejection fraction and regional ventricular wall motion, especially noticeable under conditions of stress (18) . Hence, these myocardial areas undergo a mild form of hypertrophy, accompanied by neovascularization (28) , which may have resulted in collateral growth in the remote areas.
A second alternative explanation may be that the collaterals as observed are actually the result of a first global angiogenic outgrowth response but subsequently may not all develop into mature collaterals. Then it is still likely that a condition such as an increased FSS is a necessary prerequisite for collaterals to remain present as soon as tissue ischemia is reduced and that collaterals with only moderate FSS will ultimately regress. The fact that the collaterals as found by our method present only little tortuosity may suggest the limited outgrowth of these collaterals, supported further by the short time of development of these collaterals, i.e., within several weeks.
A final alternative explanation may be that collateral growth in regions where FSS was not increased was stimulated by growth factors released by increased FSS-stimulated vasculature. Hence, locally produced paracrine bioactive molecules, e.g., such as growth factors, cytokines, or neurohormonal mediators, are produced in the tissue surrounding the bridge collaterals and possibly diffuse into other regions of the ventricular wall and thereby contribute to cell-cell crosstalk (28) . Support for this hypothesis may come from studies showing that neurohormones are synthesized within the heart itself and that overexpression of these may contribute to some aspects of left ventricular remodeling in the region not dependent on the occluded vessel (12) .
Methodological considerations. In contrast to previous findings by White et al. (34) , no extracardiac collaterals were found in our study. We excised the heart without regard of such a possibility and may have destroyed those connections. However, we did not detect leakage of the replica material out of the epicardium, and hence the presence of these extracardiac collaterals is not likely in our preparation. This may be the result of the closure of the pericardium after ameroid constrictor placement in our model, which was not always performed in other studies. In the sham-operated hearts, the pericardium was opened and the LCX dissected, but no occluder was placed. A theoretical inflammatory response to the presence of the occluder in the ameroid constrictor group, therefore, cannot be completely ignored.
The false-positive identification of collaterals by automatic detection was prevented by user verification and the conservative setting of intensity-based segmentation of the vasculature. User verification in 3D results in the prevention of falsepositives compared with previous 2D methods of manual/ visual analysis as often used previously (5, 34). In addition, collateral-type identification was by two observers, and, in Ͻ15% of cases, consensus had to be reached by reevaluation. The main advantage of the 3D verification was that a purely 2D analysis may suggest a connection when it is not really present because of a vast number of small background coronary vessels.
Recently, the point spread function has become available for the embedding medium in combination with the imaging system (22) . Based on that study, the error made for the diameter values reported here was estimated. The full-width half-maximum method applied in this study overestimates the diameter by only 5% for vessels in the order of 200 m, but this overestimation may increase to 30% for 150-m and 50% for 75-m cylinders. Because the nonbridging collateral vessels are thinner than the bridge collateral vessels, the statistical significance between diameters of these types of vessels is likely to increase even further.
An underestimate of the number of collateral vessels in our study may be the consequence of 1) failure to fill small vessels with replica material, 2) stricter image analysis criteria for accepting a collateral vessel, and 3) the deliberate discard of clustered vessels appearing as collaterals but with a common feeding coronary artery. As demonstrated earlier, the fluorescent replica material is capable of penetrating at least arterioles of 15 m (27), below the diameter threshold of 20 m reported by White et al. (34) . Hence, it seems unlikely to be the result of poor filling of the smaller collateral vessels. However, collateral vessels may have been missed by our algorithm because we aimed at avoiding false-positive identifications by setting a relatively high threshold intensity for segmentation of the arterial vascular tree. In addition, our method requires the continuity of vascular pathways for identification of closed loops connecting the large epicardial conduit coronary arteries. Hence, collaterals may have remained undetected when only a few pixels were missing in such a pathway. We also eliminated from our collateral data set these pathways where collateral connections were close to each other and shared most of a full collateral pathway. White et al. (34) may have counted several connections clustered together but with identical origin and terminal from the main coronary branches since these pathways were not defined in that study. Because the possible systematic underestimation in this study has occurred equally in all areas of the heart, it does not influence our data on collateral vessel distribution. The absolute number of preexisting small collaterals may, however, have been underestimated.
Relation to clinical studies on collateral flow. This study indicates that collateral sustained perfusion of the ischemic region can be accomplished by a diffuse network of collateral bridge connections, potentially further supported by nonbridging collaterals. Future treatment of ischemic heart disease may include stem cell or growth factor therapy (14, 21, 32) where the developments of these techniques could benefit from the insights generated in this study.
Clinically, well-developed epicardial collateral vessels are detectable by angiography and injection of contrast in the contralateral collateral vessel, especially during occlusion of the collateral-dependent artery (19) . However, this detection method does not apply to detection of small intramural collateral vessels, although angiography may reveal functional small collaterals by a blush of contrast in the collateral-dependent region.
In addition, collateral function may also be quantified by the wedge pressure measured during coronary balloon occlusion of the collateral-dependent artery (35) . This study confirms the rare occurrence of collaterals in untreated pigs in which a wedge pressure can also be detected and therefore underlines the importance of alternative explanations for the wedge pressure, such as myocardial tissue stress (26) .
In conclusion, several methods, such as presented in this study, allow for objective quantification of collateral formation and microvascular adaptation and therefore may prove valuable in assessing results in novel animal studies of neovascularization. An important novel finding is the existence of collateral connections between small arteries within the same flow territory and therefore with a small pressure drop across the collateral track. The frequent finding of collaterals in the regions that are away from the LAD-LCX border zone suggests that these collaterals do not have a supporting role in perfusing the ischemic region. The development of these collateral paths in the ameroid constrictor hearts questions the paradigm of the increased FSS as the sole leading mechanism for collateralization.
